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ABSTRACT 



INTRODUCTION 



Current and ptOenticdJluciiuJtUms (electrochemUxd noise 
^Bi>etweentwo nominaily USenticcdcortfonste^eleOrodes 
were t&xsrdBdin a scijudiim of sodium ph^ (N^iPOJ at 
different ccncentraJUons, Afier passivatixm was readied, 
fitting ivas induced by addition of cHhrides. Data were 
coUected with different sampling rates. Vnearpolarizatton. 
resistances (LPR) also were measured. Electrochemical sig- 
nals were transposed in diejrequency dojnoins ttstng ttte 
fast Tovirier tronsjorxn. Statisttroi pcuxmsters from the sig- 
nals in the tims and tn tittefrsquenqj ctomofns were ~ 
ampca-edwmcanrasioandesfVJ as measured h. 
Wotee resistance (RJ also giog rafniTrrfprf fhwn sitandajtt 
deviation (a) voJites of tiieament and pctentM noises, p^^ ■■ 
ting attack was reuealed at its onset Good correlation 
between datajnm the d^sremtedmixjues was fowulR„ : 
gave vcdues prupoi Uont dtolfie pciarization resistance (Rf), ' 
The issue of how san^tUng rate can effect EN data colhsction 
also was addressed. 
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All corrosioxx processes — general corrosion, pitting 
attack, crevice corrosion, and stress corrosion crack- 
ing (sex;)* as well as passive film buildup — cause 
spontaneous fluctuations of the free-corrosion poten- 
tial of the electrodes. These fluctuations are termed 
electrochemical noise (EN), and their analysis is used 
widely in the examination of different corrosion pro- 
cesses.*'»<* Although interest in EN analysis has 
increased in conoslozi studies over the past 15 years, 
.some doubt remains on the correlation between the 
occurring phenomenon and the signal generated,/ 
From a quatitattve point of vtew^» it has been reported : 
that values of statistical parameters of such as 
standard deviation (a) and the rootHEDean-squared . . 
(rms) values of the potential, can represent the corro- 
sion status of the metal and permit identification of 
the nature of attack.*-*'" Some tentative corrdatioas 
between <r and the corrosion parameters (corroslan 
cmrent and polarization resistance IRpl) have been 
proposed,*^ ** but their application seems not to be 
so general* in the last few years, Interest in the cur- 
rent noise has grown. The stuc^y of the current 
fluctuations between corroding electrodes seems to 
be more significant than potential studies.^-* More 
recently* use of the noise resistance (RJ as calcu- 
lated from potential and current noise data was 
proposed to be equivalent to Rp.**-" Much discussion 
can be found in the literature on this topic, and a 
deeper analysis is required. 

A powerful analysis of EN acquisitions can be 
performed by transposing data in the frequency do- 
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main. A traditional tool that provides this transfor- 
xnation Is the fast Fourier transform (FFT).**" FFT 
performs a spectral analysis of the random transient 
of the EM signal tn a frequency range dependent 
upon sampling time and leng& of the data recording. 
Results of the spectral analysis commonly are given 
as the decibel (dB} .of rms cuircnt or potential vs 
frequency on a logarithmic scale, resulting in the 
power spectral density (PSD) plot. Some authors have 
found a relationship of 1/f between the measured 
noise power andtte frequency."^*' This seetns an* . 
oversimpUScatte of tbe problem, since evexy ph<s 
nomenon occurring at the electrodes can resxilt in an 
additional slope on the PSD plot The presence of a 
capacitance resulting, for example, from a film for- 
mation or a diffusion element can increase the slope 
in the PSD plot from 20 dB/decadc to 30 dB/de- 
cade.' 

Generally speaking, an dependence would be 
more realistic, where a is different from unity. 

Moreover, the power level of the signal as calcu- 
lated from the PSD in the frequency-lndepcndcnl 
region, seems related to the corrosion rate f\'«)." 
According to some authors, other transformation 
analyses^ such as the maximum entropy method 
(MEM), g^ve the advantage of minor scattering of the 
data with respect to FFT.*^ Recently. Robcrge pub- 
lished results of a statistical analysis of EN data 
based upon the stochastic process detector tSPD) 
method.^ This ana^rsls offers a new approach to the 
EN interpretation problem based upon the stochastic 
process mechanics. 

Many theoretical analyses of EN can be found in 
the relevant literature. The starting point Is the study 
of the faxadaic noise associated with electrochemical 
reactions.*^ VaUdlty of these models is within the . 
limits of small deviations from the equilibrium, state. ^ 
Some advanced studies take into account the EN 
associated wltb the inductf oa period of pitting and r 
related to the adsorption/desorption processes of v ' 
hallde ions on the passive metal surfece.*®-** 

The objective of the present wortr was to give ah . 
evaluation of further potentiality of this technique, 
illustrating the advantage of using £N resistance 
instead of the current and potential noise and the 
influence of sampling time on the significance and 
the reliability of data collection. Tests were carried 
out on mild steel specimens in passivating conditions 
and under pitting attack. Resuilts of EN analysis in 
the time and frequency domains vrcte compared with 
Ve as measured using the linear polarization resis- 
tance (LPR) method. 

EXPERIMENTAL 

Measurements were performed using a commer- 
cial LPR probe with three electrodes. The cylindrical 
electrodes, 4 mm (0. 16 in.) in diameter and 24 mm 




Preamplifier 



RGURE 1. Sctieme of measuring apparatus. 
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(0.96 in.) long (total esxposed area = 3 cm* tO.49 to «1) 
were fabrtcated from type 1040 (UNS G10400}"' car- 
bon steel. Befi»e testing, the electrodes were polished 
by grinding with 500- through l,200^de abrasive 
papers, washed in distilled water, washed in acetone;*, 
and then dried in air. 

During the tests, the electrodes were immersed 
fully in the solution. Visual inspections of the elec- 
trodes were made during the tests. At the end of each 
test the electrodes were Inspected using a stereo 
microscope. 

™ UNS Jiumbeaa are listed to Mfifiaij and Alloys (he Olrt^ 
Ntmibering System pudilished by the Society of Automotive 
EMgtneexs and cosponsoRd by AST^ 
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FIGURE 4* Comparison between theoretical and experimental 
potential noise as a function of R 



tests were cairied out in solutions prepared 
using reagent-grade chemicals. The passlvatlng agent 
was 50 niM» 20 mM, or 5 mM sodium phosphate 
(NaaPOJ to generate a wide range of passivation. 
Breakdown of the passive film was Induced by adding 
a sodium chloride {NaCD concentrated solution to 
obtain a chloride concentration of 0.34 M. All solu- 
tions contained 20 mM sodium pcrcWorate CNaClO^} 
to minimize solution resistivity. During immersion 
into the passivating test solution, formation and 
growth of the passive film were studied by recording 
Ve and potential and current noise as a function of 
immersion time. The same measurements were per- 
formed after addition of the chloride solution. All 
measurements were carried out at room temperature. 

Electrochemical potential noise was recorded . . . 
using an Hewlett Packard 35665A^ dynamic signal . . 



* Trade name. 



analyzer coupled, when required, with an £0&G 
PARC 51 13» low-noise preamplifier. The signal ana- 
lyzer had a sensitivity < -1 40 dBV„a. Hz and an 
accuracy of ± 2.92% (0.25 dB) of the measurement 
The preamplifier resulted in a circuit-noise level, 
refenred to the input of < 4 (iV/VHz at 1 kHz- 

Electrochemical cvtrrent noise was recorded us- 
ing the same signal analyzer and inserting a parallel 
reference resistance (R) between the probe and the 
preamplifier. Values of R were chosen to be of the 
same order of magnitude as the total resistance of 
the system, as estimated by electrochemical imped- 
ance spectroscopy (EIS) measurements carried out 
through preliminary tests, to have the maximum 
transfer of noise power. 

. Potential and current fiuctuatlons were recorded ~ 
between the woridng (WED and the coimter (CE) elec- . 
trades of the LPR probe (Figure I). Different data sets 
of 1,024 readings were recorded at sampihng Irequen- ; 
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FIGURE 5. Tme record of current and potential noise after Shot 
immersion inaSmhA phosphates solution. 
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FtGURE 8. Time record ofcunent and potential noise after 8 h from 
Vie chloride addition (same test of Figure 5). 
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dies of 2 Hz, 8 Hz. or 32 Hz. During the current EN 
recording, the CE and WE were coupled across the 
preamplifier, which had a resistance in parallel. 
Then, the electrodes were uncoupled and immedi- 
ately coupled again across the preamplifier to record 
the potential EN. After data collection, the linear 
trend component was estimated by the least-squares 
method'^ and then eliminated by subtractiotL 

' The frtattsttcal calculations and analysis {c and - 
frequency distribution), as well as the linear fit by the 
least-squares method, were perfomed using com- 
mercial software. 

Ro was calculated by: 



(1) 



where (t, and a, are the standard deviations of potea- 
tial and current EN- All potential and current noise 
data collected in the time domain were transformed 
in the frequency domain through the FFT method, 
perfonned online by the signal analyzer. 

Vc and Rp were measured using an ADSE* digital 
corrosion meter connected to a personal computer 
and managed by dedicated software. The corrosion 
meter used a three-electrode method. Polarization 
was 10 mV, and the scan rate was 0. 1 mV/s. The 
value of the Tafel slope (b» and bj used by the soft- 
ware to calculate Ve was 120 mV, Calibration of the 
corrosion meter was carried out on the same elec- 
trodes in solution with different corrosiveness* using 
the mass-loss method. Good agreement was foimd. 
Ve measurements were performed Immediately after 
each set of cuneot and potential noise acquisition by 
connecting the probe to the cocrosion meter. Ally, 
data were averaged through at least four measure- 
ments. PrelimSnaiy tests showed the influence of the 
LPR measurements on the EN recording. For this 
reason, in each set of data collection, tiie LPR were 
performed after the acquisition of EN. In the subse- 
quent set, usually performed after an hour from the 
previous, no residual effect due to LPR measurement 
was observed on EN. Commercial corrosion meters 
commonly used give V, values referred to the total 
electrode area. For this reason, it was decided to use 
the data as obtained from the Instrument Taldng 
into account that the measurements (LPR and noise) 
were carried out exactly on the same electrodes, the 
comparison between results coming from the differ- 
ent techniques was independent of the absolute 
value. 

To calibrate the signal analyzer, some prdiml- 
naiy tests were carried out with different R (values 
ranging from 1.0 kfl to 14.1 MQ). The PSD of the 
potential noise associated to the temperature-in- 
duced fluctuations {Johnson noise) are reported in 
Figure 2. Each signal was averaged through 60 data 
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RGURE 7. Open-drcuit potential for a fes? in a 20 mM phosphates 
solution. 
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acquisitions, and the gain of the preamplifier was . ?■ 
fixed at 4,000, 

The PSD spectri were charactertzed by a sudden 
decrease of the power level at low frequencies and a 
1/f trend at hl^ frequencies. To better clarify the 
nature of the first part of the plot, further tests were 
carried out on the same R (100 kl2) in different fre- 
quency ranges. Results are reported in Figure S.The 
same strong decrease of the power level was ob- 
served. Except for the first five points (dotted lines in 
Figure 3), the spectrum taken at the lowest frequency 
range perfectly continued the plot at the highest fire- 
quency range. This proved tiiat the first five points 
resulted from an instrumental artifact. For this rea- 
son, they were neglected in elaboration of the 
experimental data. 
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sohition and (B) 8 h after cfttomte addftion. 
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The noise power level of the signal at high fre- 
quencies of the spectra of Figure 2 was compared to 
the rms value of theoretical noise; as calculated In 
the arbttraiy bandwidth (Af) by the Nyquist relation- 
ship:''^ 



^?=4kKIAf 



(2) 



where V^^ is the mean square noise voltage, k Js the . 
Boltzmann's constant, and T is the absolute tem- . 



864 



perature of R. Pfisults are summarized to Figure 4. In 
the range of the total Impedance of the system (80 kft 
as maximum value measured in prellmlnaiy tests), 
the difference between experimental and theoretical 
potential noise appeared to be negligible. 



Figures 5 and 6 show the ciurent and potential 
fluctuations recorded after 9 h of immersion into the 
passlvating solution (S mM phosphates) and after 8 h 
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FIGURE 11, Comparison t>etween o of the current data and Vc v$ 
Imrrtershn time for a 20 mM phosphate sofuHon. 
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RQURE 1 2. Comparison between R„ and Bp vs immersion time for 
a 50 ir\M phosphate solution. 



from the addition of chlorides* respectively. The sam- 
pling frequency was 8 Hz, 

In the case of complete passivation (Figure 5), 
the current and potential £N were characteilzed by 
small fluctuations. Values of cr were 0. 13 nA and 
30.50 p.V. Vc in the same interval of time was 
1.5 jim/y (0,06 mpy). 

Pitting attack caused by the addition of chlorides 
produced an increase in fluctuation amplitudes and 
tn o (9.81 nA and 250 v^^) of both signals. V« in- 
creased up to 240 \xm/y (9.4 mpy) as referred to the 
total electrode area. Taking into account the pit area 
estimated by microscopic observation after the test, 
Vc was 1.6 mm/y. 

Tlie pitting occurrence was coniinned by visual 
observation and by recording the trend of the open- 
circuit potential as reported in Figure 7. The r-,. 
occurrence of pitting also was confirmed by polariza- ; 
tion cunres peifonned at the end of the passivation 
period and after addition of chlorides. Figure 8 shofw^J 
the polarization ctxrve collected 1 h afterthe addition 
of chlorides. Visual inspections a^er each test 
showed no evidence of crevlcetiorroslon. 

As a general trend. In all tests performed, c val- 
ues of 0.5 nA and 50 ^iV or less were characteristic of 
a good passivation state. A more dear representation 
of evaliiatlon of the corrosion phenomena is given in. 
Figure 9, in which the current data of Figures 5 and 
6 were sorted in a distribution of population. Be- 
cause of the dramatic differences of corrosion events 
in the passive state and during pitting attack and the 
very large difference in the data distribution, the bin 
amplitude was chosen differently in the two histo- 
grams: 0. 125 nA for Histogram A and 1.785 nA for 
Histogram B. In the Z axis, the number of counts is 
reported. 

The histogram related to the paussivated elec- 
trodes (Histogram A) showed a very sharp Gaussian 
distribution. The data related to pitting condition 
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(Histograzn B) showed a bimodal distrflnitionwith ..y 
two populations both, characterised by broad . . ; , . 
gaussian curves- This bimodaJ bdiavlor resulted ^ 
from the final part of the time recording in which, 
after a steep variation (at - 105 si, the signal fluctu- 
ated around a new average value as can be observed 
by plotting the distribution of population of the first 
and the last 100 points of Figure 6, respectively 
Histograms A and B of Figure 10, The sudden varia- 
tion of the signal probably was representative of the 
initiation and propagation of a pit on one of the elec- 
trodes that caused a predominant anodic behavior of 
that electrode with respect to the other. 

As a general trend. <r of the EN signals followed 
the variation in solution corrosiveness. A typical 
trend of a whole test is reported in Figure 11 for the 
cturent EN. 

From the ratio of <r of the potential and the cur- 
rent EN. Ro was obtained and compared with as a 



CORROSION-Vol. 53, N .11 



865 



B 
V 
G 



10^ 
10* 

10^ 




Rn (2 Hz) 
-e— Rn(8Hz) 



I I t I L 



■ * ' 



. I . 



I t I f i JL 



0 



20 



25 



5 . 10 15 
Time (h) 
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function of inuztersion. time. Good agreement was 
f imd, as shown in Figure 12 for a test in a 50 mM 
phosphate soltitxon. Rp and R„ variations were within 
the same order of magnitude. Figure 13 shows the 
correlation between Rp and R^ The dotted line indi- 
cates the linear fit as obtained by the least-squares 
method. The correlation coefficient was R = 0.92. The 
results demonstrated the strict correlation between 
Rp and Rn, both promoted by a charge-transfer reac- 
tion. The difference in the absolute resistances could 
be attributed to the different measurement tech- 
nique. In IPR measurements, Rp was measured by 
applying an external polarization of 10 mV to the WE. 
while In EN measurements. R„ was obtained by veiy 
small potential fluctuation (from lOO jiV to 1 mV). 
"niis condition guaranteed better linearity between 
current and potential. 



To evaluate the influence of sampling time a the 
EN data, several tests were perfbnned using dlfiferent 
sampling frequencies. - 

An example is given In Figure 14. where the val- 
ues of Rn con^spondlng to acquisition fr^queades o£ 
2 Hz. 8 Hz. or 32 Hz are compared to values ofl^as 
a function of immersion time. The increase of sam- 
pling frequen<^ caused a decrease in the dififerenoe 
between R„ and Rp. hi Figure 15, data of Figure 14 
are plotted in terms of relative difference of R„ with 
xespect to Rp Cor diffprpnt gs^nnpHrig frequencies. Rela- 
tive differences wer^ calculated according to: .* 



(3) 



The difference increased with decreasing the sam- 
pling frequency and moving from passivation to the 
.pitting condition. A pronounced increase of the rela- 
tive difference was observed for the curve relative to a 
sampling frequency of 2 Hz and was more evident 
after the chloride addition. The choice of a correct 
sampling frequen<y seemed to be fundamental for 
reliability of the noise acqialsitions. 

This behavior could be explained by the fact that 
the electrochemical phenomena at shortened acquisi- 
tion times could be considered stationary with a 
better approximation. This seemed to be an experi- 
mental confirmation of the stationary assumption 
required for a correct R„ calculation, as reported by 
Blerwagen." Moreover, the intrinsic nature of the 
passive state better approximated a steady-state 
condition than pitting attack. 

Figures 16 and 17 present the PSD recorded 
after 10 h of immersion in a passivatirig solution > k% 
(5 mM phosphates) and 9 h after the addition of dilo- ^ 
rides, tespecttvely. The sampling frequency was 2 Hz. 

According to some authors, a dependence be- , ■ '/ 
tween the power level of the signal and the frequency 
has been foimd in the frequency region between 
0.01 Hz and 0.1 Hz*»-» As shown in Figure 16. for- 
mation of the passive film on the electrodes surfaces 
produced a slope of 32,8 dB/decade in the potential 
noise and 24.1 dB/decade in the cturcnt noise. After 
addition of chlorides (Figure 17). the slope decreased 
to 16.4 dB/decade in the potential spectrum. 

As a general trend, slopes of ^ 20 dB/decade in 
the potential spectrum were indicative of pitting cor- 
rosion, while a roll-off of > 20 dB/decade 
characterized a passive state. These findings were in 
agreement with data reported in the literature.^^ 

The current PSD did not show significant differ- 
ences in the slope in the two conditions. 

More relevant findings were obtained by analyz- 
ing data in the high-frequency region (> 0. 1 Hz) in 
which the power level was independent of the fre- 
quency. In fact, data calculated from this frequency 
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FIGURE 17. PotenSat and current PSD recorded 9 /i after chloride 
addition {same testes Figure 16). 



region seemed less subjected to random differences If 
different data collections coming from the same test 
Twere considered. This findlag was In agreement with 
the result given in Figure 14. which showed that the 
difference between Rp and R„ decreased with in- 
creases In sampling frequency. 

As shown in JT^gures 16 and 17, moving from 
passive to pitting conditions caused an increase in 
the power level of the current (-234.2 dB„^/^Hz and 
-200.8 6B^^Bz respectively) and In the potential 
W42.8 dB„«./VHz and -125.3 dB^VHz. respec- 
tively). In Figure 18, all values of the power level of 
the current signal calculated from the hlgh-frequcn- 
cica regiois;- coming frnn the same test of Figures 16 
and 17, are reported.aa a^fimcttonjof fanmer^n time. 
Vc also are reported. An interesting correlation was 
foimd between the power level of the currentand 
as shown in Figure IS- The valueof the powerlevd 
at high frequencies has been proposed by some au- 
thors to be representative of the corrosion status of 
the system in the case of pitting attack." More re- 
cently* the validity of this procedure was confirmed 
in the case of general corrosloir;'* A clear correlation 
was not found for potential noise. From the ratio of 
potential and current power level acquired in the 
frequency domain, it was possible to obtain the 
power spectral level of the resistance (RJ according to 
the Nyquist relationship already reported* and the 
equivalent one for the current: 



12 



i;=4kirnif/R, 



(4) 



where T^^ is the mean square noise current. 

Figure 19 shows good correlation between R, and 
Rp. Differences between R, and Rp were very small 
during the whole test in the passive condition and 
after addition of chlorides. 
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RGURE 19. Correlation tfetween the power level of the resistance 
PSD as calculated from the high frequencies region and fip, as a 
function of immersion time for a SO mM phosphate solution* 
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CONCLUSIONS 

❖ This paper dealt with the feasibOity of monitoring a 
corroding system by using potential and current EN 
measurements. It was confirmed that from o- values 
of the current and potential noises, pitting attack can 
be revealed at its onset cr values of the current of 

^ 0,5 nA and a values of the potential of S 50 \l\ 
characterized thte passive-state. 

Good correlation was found between o- of the cur- 
rent data and V,. TTie cunrent EN was demonstrated 
to give more clear infonnation on the corroding sys- 
tem than the potential noise, 

❖ The signals were processed to obtain R^. R„ gave 
values proportional to Rp as measured by LPR. and 
some quantitative prediction of values from EN 
data may be possible. 

❖ EN resistance results were veiy sensitive to varia- 
tion of the sampling frequency. High sampling 
frequencies (32 Hz) gave results closer to the tL data 
than ones collected at low sampling frequencies 

(2 Hz). 

❖ According to previous findings of other authors, it 
appears that the rolloffof the PSD plots is character- 
istic of the corrosion process. A rolloflf of S 20 dB/ 
decade In the potential PSD was observed for pitting 
attack and > 20 dB/decade for the passive condition, 

❖ the frequency-independent region of the PSD 
spectra of the potential and the cuirent noises, the 
nns value of was calculated. Those values were in 
good agreement with as calculated by LPa 

❖ This study demonstrated that the statistical elabo- 
ration of data coming from EN acquisitions under 
open-circuit condition of two identical electrodes 
were related to the rate of reaction. 

❖ In spite of a heavy prtfcessing time. Re appears to 
be an important tool for predicting V, with a real 

nonperturbative detection method. Agreement be- 
tween R„ and Rp may be very important for 

theoretical modeling of the nature of the noise of 
corrodiiig systems. 
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